Abstract. Single crystals of Al-0.1%Mn have been channel-die compressed to a true strain of 2.3 and their recovery behaviour at 240-320°C investigated by microhardness measurements, EBSD microtexture mapping and X-ray line broadening analysis. The crystal orientations are the nominally stable Goss {110}<001>, brass {110}<112> and S {123}<634>. For all three orientations the microhardness decreases with a logarithmic time dependency but the instantaneous recovery rates of the Brass oriented crystals are systematically lower than those of the other two orientations by a factor of about 2. The dislocation densities decrease rapidly in the first stages of recovery (<1 min) by dislocation dipole annihilation and more slowly thereafter. In the Goss and S orientations the later stage of recovery is due to sub-grain growth. The orientation dependency is ascribed to the relatively low misorientations developed by plastic straining in the Brass crystals (average about 4°) compared with the Goss and S orientations (about 7-8°).
Introduction
The orientation dependency of recovery is often considered a key factor in the formation of oriented recrystallization nuclei from as-deformed microstructures, and thereby controls many recrystallization textures. It is, however, difficult to assess orientation dependency in deformed polycrystals but the use of single crystals facilitates controlled, systematic studies. Previous studies on single crystals have been limited to relatively small deformations in tension, e.g. by Kuhlmann et al [1] and Hasegawa and Kocks [2] on aluminium crystals. The present work aims to characterise the influence of orientation after large strains typical of a cold rolled fcc metal. Strong deformation, as in cold rolling, leads to grains converging on the rolling texture components (Goss {110}<001>, brass {110}<112>, S {123}<634> and copper {112}<111> in fcc metals) so it is of interest, and also more practicable, to examine the recovery behaviour of these orientations. It turns out that the copper orientation tends to develop micro-shear bands [3] which can rapidly become recrystallization nuclei on light annealing and thereby limit the extent of recovery in this orientation. Consequently the present study has focused on the 3 nominally stable orientations, namely Goss, Brass and S.
An alloy composition of 0.1wt%Mn was chosen since the Mn offers some solute hardening and solute drag to slow down recovery compared with pure Al. Single crystals of the above three orientations were deformed to strains of 2.3 (thickness reductions of 90%) by plane strain compression and then samples lightly annealed to investigate recovery by hardness measurements, X-ray line profile analysis and EBSD orientation mapping.
Experimental Procedure
The material was a high purity Al-0.1wt% Mn alloy cast at the Constellium Voreppe research centre in the form of a 5 kg ingot. The impurities in the as-cast ingot were 6 ppm Si, 5 ppm Fe, 2 ppm Mg and 15 ppm Cu. 25mm diameter single crystals were grown by horizontal directional solidification and then homogenised at 630°C for 24 hours. Single crystal compression samples of dimensions 6.95 x 8 x 10 mm (width, length, height) with orientations {110}<001>, {110}<112> and {123}<63-4> were cut from the bars by spark erosion.
The crystals were deformed in plane strain compression by lubricated channel-die compression to final true strains of 2.3 (90% reduction) with intermediate breaks to re-lubricate and sometimes redimension the crystals. After deformation, small (a few mm) size samples were cut out and recovery annealed in a salt bath at temperatures between 224 and 325°C. Recovery softening was followed by Vickers microhardness measurements (25g loads) on the RD-ND section.
High resolution X-ray peak profiles were measured on the Goss and Brass oriented crystals using a PANalytical MRD diffractometer in high-resolution triple-axis mode. The incident beam of a sealed copper tube was monochromatized by a parabolic X-ray mirror coupled to a four-bounce Bartels monochromator preset for Cu-Kα 1 radiation. Dislocation densities were then evaluated by the momentum method [4] , based on the asymptotic behavior of the second and fourth-order restricted moments of the intensity distribution at large distance
from the peak centres. This analysis also gives the coherent diffraction domain size.
The deformed and recovered substructures were also characterized by FEG-SEM EBSD (Zeiss Supra 55VP) with step sizes of 0.05 to 0.15µm using the HKL Channel 5 software. Some EBSD mappings were analyzed by in-house programs using the orientation library Orilib2, based on the quaternion representations of crystal rotations.
Further details of the experimental methods can be found in Albou et al. [5] .
Results
Hardening and softening behaviour. Fig. 1 shows the stress-strain curves of the single crystal samples and a polycrystal sample for reference. The discontinuities on the curves correspond to the small stress variations on unloading, lubrication and reloading the sample. Clearly the flow stresses increase from the lowest (Bs) through Goss and S to the polycrystal. This roughly fits with the Taylor factors calculated for the boundary conditions of channel-die compression of single crystals, i.e. √6 for Bs and Goss and 3.12 for S and 3.31 for a non-textured polycrystal. The subsequent softening during recovery annealing is plotted out in Fig. 2 as the fractional residual hardening R Hv vs log annealing time for the three crystal orientations and 2 temperatures. 
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Recrystallization and Grain Growth V Figure 2 . Fractional residual microhardness values of the crystals during recovery annealing . The first point of the softening curves in Fig.2 is that they fit a logarithmic time dependency quite well over the 4 time decades examined here. This is typical of the recovery softening kinetics of many polycrystalline materials [1, 6] . However, the most important result is that there is a clear difference between the rates of hardness decrease of the Bs orientation compared with the other two: the slopes of the Goss and S plots are about twice those of the Bs orientation. For long annealing times the fractional residual hardness of the Bs crystals only decreases by about 25% whereas the R Hv of the Goss and S crystals can easily decrease by 50%. The same behaviour is observed at the other annealing temperatures up to 320°C. Note that in terms of absolute hardness values [5] the Bs orientation starts off with a significantly lower hardness than the others but after 10 5 s recovery its hardness (Hv 32) is equivalent to that of S or greater than that of Goss (Hv 29).
X-ray line profile analysis. The diffraction profiles of the 220 lines were measured for the Bs and Goss orientations as a function of recovery annealing time at 246°C and 264°C. Fig. 3(a) plots an example of the normalized intensity ratios as a function of the profile width parameter q for the Goss orientation. It shows a rapid decrease of the extent of line broadening with time, even after only 10 seconds. The corresponding dislocation densities for the same orientation, derived from the 2 nd and 4 th order moments of the intensity distributions, are given in Fig.3 (b) . The initial dislocation density of 2x10 14 m 2 decreases rapidly (in 10 secs.) by a factor of about 3, followed by a slower decrease over longer times. The initial recovery behaviour of the Bs orientation is quite similar although the dislocation density does not decrease quite so rapidly [5] . The initial dislocation density of the as-deformed crystals can also be estimated from the flow stresses using the standard square root law:
Taking the work hardening σ-σ 0 = 80 MPa for the Goss crystal (M= 2.45), gives a dislocation density at ε=2.3 of about 2 (±0.6) x10 14 m -2 which fits quite nicely with the results of the X-ray line profile analysis.
Another significant result of the line profile analysis is the initial peak asymmetry in the asdeformed state which disappears rapidly at the first 10s anneal (Fig. 3a) . The asymmetry is interpreted as a result of long range compressive internal stresses in the hard dislocation-rich cell walls. In the composite model [7] such stresses are associated with interface dislocations corresponding to a polarized distribution of edge dislocation segments, i.e. dislocation dipoles. As is well-known disloca tion dipole segments can anneal out very quickly and this is confirmed here.
EBSD microstructure evolution. The subgrain structures typical of deformed and recovered aluminium alloys were systematically characterized by EBSD maps on the longitudinal ND/RD section for the 3 orientations and times of 3 mins, 1h and 34h at 264°C. It was found convenient to display the maps in standard Band Contrast (to visualize the sub-grain walls) and also using the disorientation axis colouring scheme proposed by Albou et al. [8] . The latter clearly reveals slightly disoriented sub-grains by means of a colour convention such that the three primary colours (Red, Blue, Green) are associated with the three components of the local rotation axis (defined with respect to the grain average in the rolling frame RD, TD, ND). Fig. 4 gives examples of the evolution in sub-grain structures between the as-deformed and fully recovered states (34h at 264°C) of the Bs (Fig 4a) and S crystals (Fig.4b) . The difference in subgrain evolution is quite remarkable. As seen in Fig 4a the Bs substructure is initially quite coarse but scarcely evolves with recovery annealing. On the contrary the initial substructure of the S orientation is quite fine but then coarsens significantly to become a well-defined sub-grain microstructure with bigger sub-grains than those of the Bs orientation. The substructure of the Goss crystals evolves in a very similar manner to that of the S crystal shown above. For both the Goss and S crystals equiaxed sub-grains were developed after about 1hour, or even before but the substructure of the Bs crystals remains almost as-deformed. The X ray line profile analyses also provided confirmation of this orientation dependency by measurements of the coherent domain size with annealing time [5] . Here again the Goss orientation exhibits a significant evolution, increasing from about 200 nm to 700 nm while the Bs orientation reveals only a marginal increase. As often, the coherent domain sizes tend to be smaller than the cell size as measured by EBSD but their evolution is quite consistent with the hardness variations.
From the pole figures it is apparent that the orientation spreads after deformation are also very dependent on the crystal orientation. It is therefore important to examine the disorientation distributions and these are shown in Fig 5 for the three crystal orientations both as-deformed and after annealing 10mins at 320°C (disorientation frequency distributions with respect to the average orientation). The deformed Bs orientation is characterized by very low disorientations with a spread of 1 to 6° (average 2.7°). On the other hand both the Goss and S orientations exhibit quite large disorientations with spreads up to 18° and averages of 6 and 5.5° respectively. Another metric for the disorientation is the average non-correlated disorientation which represents the average disorientation between pairs of pixels chosen at random from the EBSD map [9] . The values for the as-deformed states are 3.7, 8.5 and 7.8° for Bs, Goss and S respectively and only change slightly to 3.6, 6.8 and 8.2° respectively after annealing. The other distinctive feature is the rotation axes associated with these disorientations. The Bs crystal possesses rotation axes mostly about TD [8] while the rotations in the Goss crystal are mainly around ND. The S orientation, however, is characterized by a near random distribution of rotation axes.
Discussion and conclusions
To our knowledge this is the first systematic study of recovery in strongly deformed single crystals and is also the first to apply different characterisation techniques (hardness, X-ray line profile analysis and EBSD orientation mapping) to the problem. These techniques characterise the material at different length scales, very roughly as follows; X-rays at the nm, EBSD at 100nm and the micro hardness at the µm scale.
All these different techniques reveal a clear orientation dependency of the recovery kinetics of these strongly deformed single crystals; in the present case the Bs orientation recovers at a rate about half those of the S and Goss orientations. The recovery kinetics of the latter two are quite similar although there seems to be a slightly faster recovery in the Goss crystals after longer annealing times.
In principle this orientation dependency of recovery can be attributed to differences in either driving force (e.g. dislocation density) or defect mobilities. In the present case there are only minor differences in the driving forces, as measured by dislocation densities (and flow stresses), so to first order they can be taken to be roughly equal. We therefore consider that the recovery rates here are essentially influenced by the mobilities of the defects (dislocations or dislocation boundaries) in the local orientation gradients of the deformed crystals. We recall that plane strain compression of the brass orientation only develops small misorientations of about 3-4° whereas the S and Goss crystals develop misorientations roughly twice as high ( Figure 5 ). For the later stage of recovery by subgrain growth, the misorientations of low-angle boundaries are known to have a pronounced effect on boundary mobility. Humphreys [10] has proposed an empirical exponential misorientation (θ ) dependency of LAGB mobilities of the form
where M b is the mobility of a high angle grain boundary of misorientation b θ ∼ 15°. It is concluded that the higher local misorientations of the deformed Goss and S crystals favour faster recovery kinetics through the influence of misorientation on sub-boundary mobility.
The first stages of recovery, before sub-grain growth, reveal less orientation effects. X-ray peak broadening measurements indicate a very rapid initial decrease of the initial dislocation density for both orientations. The dislocation densities decrease by factors of about 3 within about 10 seconds at 264°C (0.57 Tm) and only slowly thereafter. The first stage of recovery in cell structures is considered to be the annihilation of dislocation dipoles (those that do not contribute to the cell misorientation) by thermally activated climb within or near the cell walls. This view is supported by the present line profile analysis showing that the deformed state is characterized by strongly asymmetrical X-ray diffraction peaks.
There are also implications for recrystallization nucleation; in rolled fcc metals it is well known that cube nuclei usually develop first as a result of rapid recovery in cube grains (Ridha and Hutchinson [11] ). Cube grains were not investigated in this work for practical reasons since they break up during large strain cold rolling into fragments of a few microns which preclude the type of measurements made here. We consider that if cube grain recovery had been measured in the same way it would be faster than the deformed Goss crystals. However, it is also known that other common recrystallization components in fcc metals and alloys are Goss and S. It is therefore reasonable to suggest that their relatively fast recovery rates enable these orientations to develop micron-sized sub-grains that then become recrystallization nuclei before other orientations (apart from cube) can develop.
